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1. Introduction and Motivation 
The Sun is the energy source for our planetary system in general. The life on our planet 
Earth solely depends upon the energy from the Sun. Since the very early on stage of 
development of science, the Sun has captured the interest of scientists due to its 
importance to our very existence on the surface of Earth. Recent studies reveal that the 
activity on the surface of the Sun and in its atmosphere entirely depends on the magnetic 
activity of the Sun. The variation of the magnetic field on the surface of the Sun causes a 
huge, violent variation in the heliospheric climate. The atmosphere and the 
magnetosphere shield us from the bombardment of high energy particles, UV rays and 
the like. In spite of our protected position, Earth‟s atmosphere is highly affected by the 
Sun‟s magnetic activity. So, the attempt to get a better understanding the Sun‟s magnetic 
activity should continue as long as open questions exist. The solar magnetic impact to 
our atmosphere should be identified in line with man-made problems (Stenflo, 1994). 
 
Most of the coronal activities are governed by the coronal magnetic field as stated above. 
The coronal magnetic field has two regions; open magnetic field regions and closed field 
regions. In this thesis we give more emphasis to the open magnetic field regions 
(Aschwanden, 2004). Open coronal magnetic fields carry the solar energetic particles 
(SEPs) to the Earth‟s atmosphere. Despite of its importance, there is no reliable and 
accurate method of measuring coronal magnetic field (Fisk & Schwadron, 2001).  In this 
thesis, potential field source surface (PFSS) model will be used to analyze the coronal 
magnetic field. The PFSS is used because of its simplicity to develop and apply. 
 
The PFSS is implemented in order to deduce the structure of the coronal magnetic field 
from measurements of the photospheric magnetic field. In this model two assumptions 
will be used. The first assumption is the “current-free assumption” and the second 
assumption is the fluctuations of magnetic field in photosphere do not affect the coronal 
magnetic field. 
 
In this thesis, I study the solar magnetic field conditions during the 23
rd
 solar cycle. In 
chapter 2, I discuss some detailed facts about the Sun‟s magnetic field, corona and 
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coronal magnetic field, solar energetic particles, solar flares, coronal mass ejections and 
PFSS model. In chapter 3, I analyze data and produced plots of the coronal field by using 
the PFSS model through SolarSoft. In chapter 4, I present the results and discussion. 
Finally, in the last chapter, I present the summary and the conclusion.  
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2 Theory 
2.1 The Sun 
The Sun is a main-sequence star of spectral class G2. The luminosity of the Sun is 3.84×1026 
W (Stix, 2002). The Sun, located at the center of our solar system, is the closest star to the 
Earth (Green & Jones, 2004). The distance between the Earth and the Sun is about one 
astronomical unit (1 AU = 149579870±2 km). Using Kepler‟s law, we can determine the 
mass of the Sun, since we know the distance between it and the Earth. The mass of the Sun 
is 1.99×1030 kg, and its radius is about 6.96×108 m. The gravitational acceleration on the 
surface of the Sun 274 m/s2 , is much stronger than that on the surface of the Earth. This 
large acceleration has a significant impact on determining the structure of its stellar 
atmosphere (Stix, 2002). The mean density of the Sun is 1409 kg/m3 whereas the density at 
its central is 1.6×105 kg/m3. At the equator the Sun‟s rotational period is 25 days, and at a 
latitude of 600 29 days. The Sun produces energy by pp chain reaction at the rate of 4 1026 
W, 99% of this energy is produced in the core. The pp chain reaction also produces neutrinos 
at several steps of the reaction. These neutrinos provide us information about the conditions 
near the Sun‟s core; for instance, its core temperature is 1.5×107 K although its surface 
temperature is only 5785 K.  
 
The solar atmosphere, which lies above the solar surface, consists of the photosphere, 
chromosphere and corona. The outer part of the solar atmosphere, the corona, extends into 
interplanetary space.  
 
The photosphere is located immediately above the surface of the Sun, although the Sun‟s 
surface is not a solid surface because it is composed of gases. The photosphere is also the 
visible part of the Sun's atmosphere. Its thickness ranges between 300 km and 500 k, and its 
temperature ranges from 6000 K at the inner boundary to 4500 K at the outer boundary. 
Solar convection manifests as granulation patterns in the photosphere. The solar granule is 
observed from the Earth with angular diameter of one arcsec. 
 
The chromosphere is located just beyond the photosphere and has a thickness of about 1500 
km. The temperature in this region of the atmosphere ranges from 4500 K to 6000 K. Since 
the radiation from the chromosphere is weaker than that of the photosphere, it is invisible. 
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The chromosphere comes into view only for a few seconds during a total solar eclipse.  
The corona is located above the chromosphere, and is best observed from the ground during 
a total eclipse of the Sun. Since the surface brightness of the corona is similar to the 
brightness of a full moon, it is difficult to observe the corona next to the photosphere, which 
is much brighter.  This will be discussed in more detail in the next section. 
 
 
Fig 2.1 The interior of the Sun and its atmosphere. The figure is based on the 
schematic figure presented in the Fundamental of astronomy by Karttunen et al 
(2007). 
 
2.2 The corona 
 
The corona is the outer atmosphere of the Sun that extends from the visible surface of the 
Sun, i.e. the photosphere millions of kilometers into interplanetary space. Solar activity 
plays an important role in the appearance of the solar corona. The temperature of the corona 
is about a million degrees Kelvin, but the visible surface of the Sun has a temperature of 
about 5800 K. If the solar surface was considered the only heat source for the corona, the 
temperature would drop as on moves deep into the corona. On the other hand, for unknown 
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reasons, the temperature of the corona is higher. The heating process of the solar corona is 
poorly understood. Without special equipment, the corona can be only observed during the 
total solar eclipse when the Sun‟s disk blocked for the Earth based observation. The 
blockage can be artificially created by an instrument known as coronagraph. Present day 
coronal observations are made by coronagraphs rather than naked eye (Golub & Pasachoff, 
2010).   
 
When we look back into history, we come across the first ancient observations of the corona 
that made with naked eye during a solar eclipse. The history of coronal observations is well 
explained in (Aschwanden, 2004). In addition to these early observations, in recent years 
various missions to space have been made. These space missions have played an important 
role in deepening our understanding of the solar corona. The SOHO mission can be 
mentioned as recent example. SOHO Spacecraft built jointly by ESA/NASA and launched 
on December 2nd 1995, carries a total of 12 instruments. Of these 12 instruments, 5 
instruments are for observing the solar atmosphere. The SOHO mission has provided data on 
the dynamic processes in the solar corona responsible for various phenomena in there 
(Aschwanden, 2004). 
  
The coronal light can be divided into three components based on the ways they produce the 
light. These are the K (Kontiuierlich), F (Fraunhofer) and E (Emission) corona. The fourth 
component has been entered in the above category recently, known by the name T (thermal) 
corona. When a photospheric light is being scattered by the coronal gas, the K- corona is 
produced. The F-corona produced when the photospheric light scattered by small dust 
particles in the ecliptic plane. The F-corona is a reflection of the bright photospheric light. 
So, it is not considered as true coronal light. The T-corona is caused by the thermal emission 
of the interplanetary dust (Golub & Pasachoff, 2010). 
 
Based on the dynamical activity, it is common to subdivide the corona into three different 
zones; their sizes are different during different phases of the solar cycle. The three zones are: 
active regions, quiet Sun regions, and coronal holes. 
 
Active regions are places where most of the activities occur even though they cover a small 
portion of the total surface area. There are strong magnetic field concentrations where the 
active regions are located. They are manifested as sunspot groups in optical wavelengths. 
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The magnetic field lines in these regions are mostly closed due to their bipolar nature. Due 
to strong magnetic fields in these regions, most of the dynamic processes like plasma 
heating, flares, and coronal mass ejections happen in these regions (Aschwanden, 2004). 
 
Quiet Sun regions include all closed magnetic field regions that are outside the active 
regions. The term is quite a relative term because recently it has been discovered that there 
are some small dynamic activities in these regions, such as network heating events, 
nanoflares, explosive events, bright points, and soft X-ray jets. The dynamic processes in 
these regions also include large-scale phenomena, such as transequatorial loops or coronal 
arches. 
 
 Coronal holes are regions dominated by open magnetic field, unlike the active regions and 
quiet regions. The open magnetic fields act as a way of transporting heated plasma of the 
corona into the solar wind and interplanetary space. The coronal holes appear to be much 
darker than the quiet Sun regions, because they have significantly lower plasma density than 
the quiet Sun surroundings most of the time due to the efficient transport of plasma by open 
magnetic field.  
 
The other important thing about corona is the particle density. Particle density in the corona 
is small; it is lower than the best vacuum that can be created in any laboratory on the surface 
of the Earth. Electron density in corona varies between ≈ 106 cm-3 in the upper corona and ≈ 
109 cm-3 at the base in quiet regions. Coronal density was first measured form white light 
data using inversion assuming that the polarized brightness of white light is produced by 
Thomson scattering and is proportional to the line of sight integrated coronal electron 
density. Recently, space-borne observation in EUV and soft X-rays provided another 
important method, based on the emission measure, which is proportional to the squared 
density integrated along line of sight, for optically thin radiation. This method can be 
performed in different spectral lines so that the density can be measured independently for 
plasmas with different temperature.  
 
The chemical composition of the Sun can be determined accurately in the photosphere 
where the emission light is brightest. Measurements of elemental abundances in the corona 
are much less accurate, due to the corona being many orders of magnitude fainter. The 
chemical composition of the corona is mostly similar to the photosphere for most of the 
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elements. Due to the fact that corona is a highly dynamic and inhomogeneous place, 
significant variations of chemical composition have been observed in various coronal 
structures (Aschwanden, 2004).   
 
 
Fig 2.2 Images of the solar corona for 2006 eclipse. In the left column and 2008 
eclipse in the right column produced by NASA. The color indicates the iron lines 
(NASA). 
  
2.3 Solar magnetic field     
 
The source of the solar magnetic field is considered to be a dynamo mechanism operating in 
the lower solar convective zone. Most current studies place this dynamo between the 
convective zone and radiative core. The dynamo produces azimuthal or toroidal magnetic 
field tubes which rise to the solar surface in the form of bipolar magnetic field region, finally 
loop structures are formed whose tops mostly lie in the corona. Sunspot and faculae are the 
place where the legs of the magnetic field loops intersect the surface of the sun. In the 
chromosphere the legs appear as bright plagues (Schuussler et al., 2006).  
 
 As we go higher into the solar atmosphere, the magnetic field structure and its properties 
undergo a considerable transition. The magnetic field in the photosphere is very filamented 
(Schuussler et al., 2006). The magnetic flux concentration on the solar surface can be seen 
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by looking at a full disk magnetogram of the photosphere. 
 
 
Fig 2.3.1 A full disk magnetogram from the Kitt Peak Solar Observatory showing the 
line of sight magnetic flux density on the photosphere of the Sun on May 11, 2000 
(Fan, 2009).  
  
Active regions contain sunspot or sunspot groups in fig 2.3.1. The active region is called an 
active region because it harbors most of solar activity. It also contains sunspot which is the 
region strong magnetic field (Fan, 2009). 
 
The magnetic fluxes on the surface of the Sun appear in the form of bipolar magnetic 
regions in active regions. Large bipolar regions form groups of sunspots while the smaller 
bipolar regions can only be identified by magnetic field measurement techniques. Bipolar 
regions provide information about the magnetic structure of the source region close to the 
bottom of the convective zone. The active regions are situated in the East - West direction 
and slightly tilted at latitude (Schuussler et al., 2006). 
  
Sunspots show the solar activity due to its magnetic field. Although the sunspots can be 
visible by naked eye by using the right layer of dense fog when we look to the Sun, the first 
observation of the sunspot goes back to the 17 century when Galileo used a telescope to an 
astronomical purpose. A sunspot which looks like a hole has two regions: dark region known 
as umbra and the less dark region called penumbra (Karttunen et al., 2007). The field 
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strength of sunspots is 2500-3500 G in umbra and 700-100 G in the penumbra region which 
lies in the outer portion (Schuussler et al., 2006). A typical sunspot of diameter 10,000 km 
has a surface temperature lower than the surroundings by 1500 K. Depending on the size of 
the sunspot, a sunspot life time can be from a few days to several months. Typically, 
sunspots with larger size last longer.  
 
The Zürich sunspot number Z is the method by which we determine the frequency of spots. 
Z = C(S+10 G), where 
S is the number of spots and G the number of sunspot groups visible at a particular time. C is 
a constant depending on the observer and the conditions of observation. 
Evaluation the Zürich sunspot number Z number starting from 18 century to the present 
shows that the number of the spots varies in 11 years (Karttunen et al., 2007). The 23rd solar 
cycle lasted 13 years (Hathaway, 2010) 
 
The magnetic field in the sunspot is measured by the Zeeman effect. The energy level of 
atoms, ions and molecules split into several energy levels when there is the solar magnetic 
field in a certain region. This splitting is known as the Zeeman effect. The presence of the 
spectral line caused by the splitting of the energy levels shows the existence of solar 
magnetic field. The quantitative measure of the splitting tells the magnetic field strength 
(Jay, 2002).  
 
Sunspots usually occur in pairs with opposite polarity. The variation in the number of spots 
manifests a variation in the solar magnetic field in the sunspots. The sunspots move closer to 
the equator as the cycle goes on after they start emerge at latitude of about ±400. The fig 
2.3.2 shows the typical butterfly pattern of the sunspots. The pattern is formed because of 
the fact that the next cycle of spots starts to appear while the old spots still present near or at 
the equator. The old and the new spots have opposite polarity. The spots of opposite 
hemisphere will have also opposite polarity. The complete cycle of the solar magnetic 
activity is 22 years because the field reversed every 11 years (Karttunen et al., 2007). 
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Fig 2.3.2 the sunspot cycle starts at high latitude and moves to the equator as the 
cycle goes on. (Fig has taken from Karttunen et al. (2007), based on Greenwich 
Observatory observation)  
 
The coronagraph observations show the main influence of the magnetic field above the 
surface of the Sun in the solar atmosphere (Schuussler et al., 2006). The coronal magnetic 
field which controls most of the activities in the corona is the subject of the next section. 
 
2.4 Coronal magnetic field 
  
The coronal magnetic field plays a central role in ruling the topology and dynamics of all 
coronal activities. Both the hot plasma and solar energetic particles flow along the magnetic 
field (Aschwanden, 2004). The magnetic field in the corona governs different coronal 
phenomena such as flares, coronal mass ejections, prominences and coronal heating (Amari 
et al., 1999). “Coronal loops are nothing other than conduits filled with heated plasma, 
shaped by the geometry of the coronal magnetic field where cross-field diffusion is strongly 
inhibited” (Aschwanden, 2004). 
 
In solar corona, there are two magnetic field zones with different properties. These are open-
field regions and closed-field regions. Open-field regions usually appear near the solar 
poles, and sometimes exist near the equator. Closed field-regions contain field lines up to the 
height above a solar radius. These field lines that reach to a distance about a solar radius 
eventually close back to the solar surface.  
 
The closed-field regions are considered to be the source of slow solar wind of approximately 
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at ≈ 400 km/s speed. In this thesis, I will be considering the open magnetic field regions 
which are the sources of fast solar wind of speed of ≈ 800 km/s, and also transport solar 
energetic particles and plasma into the interplanetary space (Aschwanden, 2004). 
 
 
Fig 2.3 computer model of solar corona made by NASA currently, which 
shows open and closed field regions (NASA, 2007). 
 
Open magnetic field lines extend to the boundary of the heliosphere in interplanetary space 
while their other ends remain attached to the photosphere, the solar surface. Open magnetic 
flux shows a certain simplicity since it is ordered very well. Even though the open magnetic 
flux is uniform in the outer corona, it is not distributed uniformly on the solar surface. 
    
 It has been known that the open magnetic flux in the solar atmosphere is organized into 
north and south hemispheres with different polarities and a current sheet that separates them. 
Although the current sheet is located near the solar equator during the solar minimum, it gets 
more inclined to the equator. Open magnetic flux reverses its polarity in a solar cycle.  
 
One of the properties of the open flux of the corona is that it cannot be eliminated by 
interacting with closed magnetic flux. It can only be eliminated from the corona by 
reconnecting with the open flux of opposite polarity (Fisk & Schwadron, 2001).  
 
 Despite the important role of the coronal magnetic field, reliable and accurate method of 
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measuring it does not exist so far (Lin et al., 2000). It has been known that the magnetic 
field plays a very crucial role in the determination of density, velocity and temperature 
structure of the solar corona. Furthermore, the presence of the coronal magnetic field is 
manifested in the interplanetary gas. In spite of its difficulty, the structure of coronal 
magnetic field can be determined by using some necessary assumptions. The first and 
common assumption is that the coronal magnetic field is current-free (∇×B=0). The 
“current-free assumption” will be used in the next section of PFSS model. The second 
assumption we could make in calculating a coronal magnetic field is that the photospheric 
magnetic field fluctuations do not affect the configuration of the coronal magnetic field 
(Altschuler & Newkirk, 1969). The measurement is done at the level of cooler and denser 
photosphere. Magnetic fields in the solar corona are not strong enough for reliable Zeeman 
measurements, so our current understanding emerges from comparing the geometry of the 
coronal structure with the extrapolation of field from photospheric magnetograms 
(Aschwanden, 2004). In the next section we will use the PFSS model by neglecting the 
currents between the photosphere and source surface (Wang & Sheeley, 1992). 
 
2.5 Potential field source surface model 
 
The two most common methods of studying the global structure of coronal magnetic field 
are PFSS model and magnetohydrodynamic (MHD) model. Both models basically depend 
on boundary conditions derived from photospheric magnetic ﬁeld measurements. The PFSS 
model is widely used because of its simplicity to develop and apply (Riley et al., 2006). In 
this thesis also we are going to use the PFSS model to map the open fields of the coronal 
magnetic field. 
  
The potential field approximation has been implemented in order to deduce the structure of 
coronal magnetic field from the photospheric magnetograph measurement. In this model 
electric currents have been neglected between the photosphere and source surface (Wang & 
Sheeley, 1992). The “current-free assumption” in PFSS model might not be valid and, 
because of this reason the model has been criticized for a long time since it was developed 
for the first time by Altschuler & Newkirk. PFSS model also fails to explain time dependent 
phenomena such as magnetic reconnection. Despite its limitation, PFSS model is widely 
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used in the study of structure and strength of coronal magnetic field. 
 
The first important assumption in PFSS model is the “current-free assumption” (▽×B = 0) 
The shortcoming of this assumption is that the solar wind distorts the magnetic field above ~ 
2.6 Ro  in the corona, and that makes the “current-free assumption” invalid. The “current-
free assumption” could be applied for the inner corona out to one solar radius above the 
photosphere. 
 
The other assumption considered in the study of coronal magnetic field using PFSS model is 
that the magnetic fluctuations in the photosphere do not affect the coronal magnetic field 
significantly. 
The “current-free assumption” is equivalent to 
▽×B = 0, 
 So the magnetic field can be represented as the gradient of a scalar potential 
B = -▽Ψ, 
Since   ▽·B = 0 
The above two equations yields Laplace‟s equation below. 
▽2 Ψ  = 0   
 The harmonic expansion of the coronal magnetic field can be determined from the solution 
Laplace‟s equation in spherical coordinate. 
The detail mathematical calculation can be seen in (Altschuler & Newkirk, 1969).  
In this thesis we use IDL software for analyzing solar magnetic fields developed by 
Lockheed Martin Solar and Astrophysics Lab (LMSAL), which is intended to facilitate the 
study of the global magnetic field of the Sun. The study of the coronal magnetic field totally 
based on the PFSS model. The software package provides pre-computed models of the solar 
corona for use with Solarsoft software. The software functions either by the GUI version or 
command line version. In our case we use the GUI part of the software package. 
In order to access the GUI interface, we start SSWIDL (SolarSoft IDL) and use the 
command below.  
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IDL> ssw_path,/pfss 
 IDL> pfss_viewer  
 
This will launch PFSS data chooser that contains year, month, date and time to set for our 
specific purposes (Derosa, 2010).  
 
 
Fig 2.5.1 PFSS data viewer contains set of input data that can be chosen to plot a 
specific PFSS model for a solar coronal magnetic field for solar energetic particle 
events. The figure taken from (Derosa, 2010) 
Once we choose our input data and press the load button we will get the PFSS previewer 
below. 
 
2.5.2 PFSS Previewer has longitudes and latitudes options to choose from. The figure 
taken from (Derosa, 2010) 
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When we press the button draw field lines, we will get a window that contains a map of the 
magnetic field from which we can download the image of coronal magnetic field after we 
make the necessary change in the data sets. 
 
 
Fig 2.5.3 PFSS field lines render window has the save as button for us to download 
the image we plotted. The figure taken from (Derosa, 2010) 
 
For this study, it is essential to describe the magnetic field in the volume between the 
photosphere magnetic field in the volume between the photosphere and the source surface 
(source surface is at 2.5Rs). In my analysis in the next section, open magnetic field lines are 
plotted for the 23rd solar cycle during the date of the occurrence of solar energetic particle 
events. 
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2.6 Solar Flares 
 
Solar flares are sudden, rapid and intense explosive of phenomena in solar atmosphere filled 
with plasma. The amount of energy released during a flare is about to 1021 – 1025 J. The 
energy occurs in different forms such as kinetic bulk energy, radiative energy, thermal and 
nonthermal energy (Shibata, 2011). Flares are believed to be the result of the rapid 
conversion of a large amount of magnetic energy previously stored in the solar corona and 
dissipated through magnetic reconnections. This energy heats the surrounding plasma to the 
high temperature of 50×106 K. Flares can efficiently accelerate electrons to energies up to 
100 MeV and ions even to 1 GeV energies (Maria & Popescu, 2004).  
 
The first flare observation was made independently by R.C. Carrington and R. Hodgson on 1 
September 1859 in the continuum of white light.  A Spectroscope was developed a few years 
later, after the first recorded observation. The Spectroscope used hydrogen Hα to observe 
frequent brightening phenomena near the sunspots. During the time several Hα flares per 
active day were recorded. The discovery of solar radio emission in 1944 by J.S.Hey was also 
associated with flares. Recently, space missions and ground based observatories have played 
an important role in the detection of flares outside the active regions. Microflares have been 
discovered in recent studies in coronal bright points, network of the quiet Sun granulation 
and the interior of supergranular cells. Microflares are about a million times weaker than the 
flare discovered by Carrington and Hodgson (Benz, 2008). 
 
 Many attempts have been made to classify solar flares. In this thesis, we will present the 
classification from (Benz, 2001). The first type of flare is the archetypical flare. It is 
impulsive and compact in space. It is referred to as a contained flare because it occurs in 
loops of active region. The second class of contains large flares that occur at higher altitudes. 
The occurrence of these flares is preceded by the disappearance of a prominence. The third 
type is observed at a higher altitude than the second class of flares. They are called high 
coronal flares. The other class is observed in quiet regions of the Sun. These kinds of flares 
possess small energy and reach also heights of a few thousand kilometers.  
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Most of the known flare sites are sunspots or group of sunspots. Large gradual flares occur 
above the photosphere neutral lines. On the other hand, the most powerful microflares occur 
at the boundary of super granular cells. The other possible region for the occurrence of flares 
is the current sheet between the opposite polarities coronal magnetic fields. 
 
In recent studies, microflares are possible candidates to solve the coronal heating problem. 
Some solar energetic particles are also accelerated by flares. The Earth‟s upper atmosphere 
is also influenced by flares (Benz, 2001). 
 
2.7  Coronal Mass Ejections 
 
A coronal mass ejection is defined as a sudden explosion of plasma and magnetic field from 
the Sun. Coronal mass ejections or CME can have a mass larger than 1013 kg. They may 
liftoff with a speed of several thousand kilometers per second. For instance, a typical CME 
whose mass is around 1011 - 1012 kg may have speed between 400 and 1000 km/s. There are 
no exact means to locate of every CME. CMEs erupt from the Sun once per day during the 
solar minimum. On the other hand, they occur four or five times per day during the solar 
maximum (Howard, 2011). Wagner (1984) listed flares, eruptive prominences and non-
equilibrium magnetic field configurations among the postulated origins of CMEs. 
There has been an ongoing debate about whether CMEs are ejections of coronal mass or 
ejections of mass that are observed in the corona. CMEs are composed of plasma. We do not 
know for certain the elements and ions in the plasma. If we assumed that CMEs were 
initiated in the corona, then it would be clear that the CMEs contain coronal material like 
heavy ions formed at higher temperature and fully ionized hydrogen and Helium. The CMEs 
would also contain neutral Hydrogen and Helium as well as He+ if they were initiated from 
photosphere. Probably CMEs are initiated from many regions of the Sun that means CMEs 
may have a different amount of the solar component in different regions. The counterparts of 
CMEs in the interplanetary space are interplanetary coronal mass ejections or ICMEs. 
 
The reason for the eruptions of CMEs is still under speculation. One of the explanations 
states the eruption occurs when the Sun‟s magnetic energy is getting minimized. In general, 
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it is widely accepted that CME is associated with magnetic energy release in the corona 
(Aschwanden, 2004). 
 
CMEs occasionally impact the Earth. Then, they change the behavior of Earth‟s 
magnetosphere. The pressure pulse or the shock from the CMEs may cause a compression of 
the Earth‟s magnetosphere. The large disturbance of Earth‟s magnetic field due to CMEs 
may cause a serious impact such as disruption of global communication. Therefore, 
understanding the CMEs is very crucial (Howard, 2011).  
 
2.8 Solar Energetic Particles 
 
The solar energetic particles (SEPs) are an important phenomenon in the study of space 
science. The Sun has been well known as a source of energetic particles. The SEPs usually 
follow eruptive phenomena in the solar corona, such as flares and CMEs (Miteva et al., 
2013). To get the full understanding of SEPs and their acceleration processes one has to 
study the extremes in energy flux of the particles produced. The detection of SEPs by 
Forbush in 1946 led to the term „solar cosmic rays‟, before the introduction of the name 
solar energetic particles.  Flares were thought as the source of SEPs in early days. Modern 
studies suggest that CME-driven shocks are also the other source of SEPs (Ryan et al., 
2000).  
 
SEPs can be hazardous to astronauts on space mission, such as to the Moon or Mars, and 
even in high-latitude regions of the orbits of space station. It is important to give a reliable 
and advance warning for astronauts so that they can shield themselves before they receive a 
high radiation dose. For example, extreme hazardous intensities can occur by the time CME-
driven shock reaches to the spacecraft and the astronaut should seek shelter at that time, 
nominally ~ 1-2 days after the event onset at the Sun (Reames, 1999). 
 
Most of our understanding of SEPs emerges from the study of the neutral radiation emitted 
when solar-flare-produced particles impact the denser part of the solar atmosphere and from 
the studies of charged particles detected in space that could be produced in flares or 
elsewhere. Based on different studies made in the 1990s, we subdivide SEP events into 
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impulsive and gradual events (Ryan et al., 2000).  Impulsive events last for several hours, 
are small and numerous, and have been associated with flares and type III radio bursts. 
Particles in impulsive events are located in a narrow (≈200) longitude range around the flare 
site (Reames, 2002). The 3He/4He ratio can get as high as unity in impulsive events. 
Impulsive flare events are much smaller than gradual flare events. In gradual events only 
traces of 3He have been detected with respect to 4He (Ryan et al., 2000). Gradual events 
have large fluxes and last longer than impulsive events. Gradual events accelerate coronal 
material and ambient solar wind. 
 
 
SEPs are accelerated by different mechanisms. Previously, it was thought that SEPs were 
accelerated by solar flares. However, recently, our understanding has been changed so that in 
gradual events, particles are accelerated by the shocks that are driven out of the Sun by 
CMEs (Kahler, 1992) 
 
In impulsive events, particles are accelerated by resonant wave interaction in a region 
localized at the footprint of solar flare and in reconnecting current sheets above the flaring 
loops. Energized particles may escape beyond 1 AU on open field lines, basically spanning 
200 of solar longitude around the flare site.  In gradual events also, particles may stream out 
to more than 1 AU, but typically spanning over 1000 in solar longitudes. 
 
Recent studies and evidences show that there is a third class of SEP events in addition to the 
two-class paradigm that has been discussed above. The third class, Hybrid SEP event, is 
associated with both solar flare and CME-driven shock. Some studies indicated that flare 
may provide seed particles for SEP events associated to CME-driven shock.  For example, 
SEP event on May 2, 1998 was a hybrid event, the event first accelerated by flare and then 
by CME-driven shock (Kocharov et al., 2007). 
 
SEP events can cause changes in the composition of Earth‟s middle atmosphere (Jackman & 
McPeters, 2004). The dissociation of ozone in the stratosphere could be due to the 
generation of odd nitrogen (NOy) and HOx by SEP events. The disturbance of ozone by SEP 
events is strongest near the pole regions (Barnard & Lockwood, 2011).  A large SEP 
occurred in November 1969, in 20th solar cycle, gave the first evidence of the involvement 
of SEPs in depleting ozone. The SEPs event that occurred in August 1972 showed the 
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second spatial ozone depletion. The HOx, that causes the ozone depletion do not last more 
than a couple of hours after an SEP. The HOx can significantly influence the ozone, 
especially in mesosphere. For example, we can see the catalytic process that causes the 
ozone destruction in stratosphere is: 
 
OH + O3 →  HO2 + O2 
O + HO2 → OH + O2 
Net: O3 + O → 2O2. 
The NOy constituents have long life time. This allows the impact on ozone to last for 
months. The primary catalytic process of NOy that causes destruction of ozone is: 
 
NO + O3 → NO2 + O2 
NO2 + O →NO + O2 
Net: O3 + O → 2O2. 
The temperature of the middle atmosphere may be change by SEP either through direct 
Joule heating or indirectly through ozone depletion (Jackman & McPeters, 2004). 
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3 Data analysis and Standard plots 
 
3.1 The solar energetic particle events of the 23rd solar cycle 
The starting point for this thesis is a list of 114 SEP events observed by the SOHO/ERNE 
experiment in1996-2010 (Vainio et al., 2013), on SEPServer (SEPServer). In the next 
sections, we are going to analyze the list of SEP events 
SEPServer uses data from different European and US missions. The data on the server 
are collected from a number of space instruments on-board different missions like 
HELIOS/E6, Ulysses/COSPIN/KET, COSPIN/LET and HI-SCALE, SOHO/EPHIN 
and ERNE, STEREO/SEPT and LET, ACE/EPAM and SIS and WIND/3D-P 
(SEPServer). The analysis in this thesis is based on SOHO/ERNE. SEPServer allows 
us to browse data sets and event lists, download event lists and data. We can also 
produce different plots using the available data on the SEPServer. For example, the fig 
3.1 shows the proton flux from the 9th of May 1998 to 12th of May 1998.  
In the beginning of the data analysis, all 114 SEP events observed in the 55-80 MeV 
proton channel of the ERNE instrument that occur during the 23rd solar cycle are 
considered. In addition to these data, we use SolarSoft to produce different plots of 
open coronal magnetic fields during the events. 
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Fig 3.1 A plot Proton flux (1.6-1.8 MeV) generated by the SEPServer. The plot 
produced for SEP event that occurred on the 9th of May 1998. The proton flux lasted 
till 12th of May 1998. 
 
3.2 Undisturbed solar energetic particle events 
 
The term undisturbed SEP event refers to those SEP events that propagate in an 
interplanetary medium free from the disturbance caused by interplanetary coronal mass 
ejections (ICMEs). This enables one to assume that the propagation of SEPs in the 
interplanetary space occurs along magnetic field lines forming a parker spiral. The 
heliocentric distance considered in the identification of the undisturbed SEP events is about 
2AU. The event selection was done by Talew (2012). The time frames that have been 
considered in deciding the undisturbed events are three days before the occurrence of the 
particular SEP event and three days after the occurrence of the same SEP event. Forty-three 
undisturbed SEP events have been identified during the process. These 43 SEP events will 
be used as input data. The table below contains all the 43 events with data from the 
SEPServer and results from the analysis of the data. The flare longitudes are directly 
extracted from (Cane et al., 2010). The details of  Parker spiral connection longitudes, actual 
connection longitudes and type of connection points will be discussed in the following 
sections. 
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Table 3.2 table indicates List of events that are taken into account during the analysis. It 
contains all the data used in the entire thesis. All longitudes are given in degrees. 
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07-Oct-1997 14:43:00 350 71 80 36        -     
                
- 
                
- 
                
- 
                      
- Double Yes 
13-Nov-1997 22:26:00 350 71 79 40 61 
                
- 
                
- 
                
- 
                      
- Multiple    
14-Nov-1997 14:29:00 360 69 81 67         -    
                
- 
                
- 
                
- 
                      
- Double No 
20-Apr-1998 11:33:00 390 64 72 -         -    90 18 26 16 Single   
06-May-1998 08:29:00 680 37 52 28 
           
- 65 13 28 18 Double No 
09-May-1998 04:32:00 560 45 56 27 
           
- 100 44 55 45 Double No 
16-Jun-1998 20:35:00 400 62 71 
           
- 
           
- 115 44 53 43 Single   
22-Nov-1998 07:17:00 390 64 79 62 
           
- 82 3 18 8 Double Yes 
24-Nov-1998 02:53:00 500 50 22 
           
- 
           
- 108 86 58 48 Single   
24-Apr-1999 14:30:00 430 58 77 30 
           
- 
                
- 
                
- 
                  
- 
                      
- Double Yes 
09-May-1999 18:40:00 390 64 61 
           
- 
           
- 95 34 31 21 Single   
01-Jun-1999 19:49:00 360 69 85 47 
           
- 
                
- 
                
- 
                  
- 
                      
- Double Yes 
11-Jun-1999 01:09:00 440 57 60 37 
           
- 
                
- 
                
- 
                  
- 
                      
- Double Yes 
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09-Jan-2000 21:30:00 320 78 84 
           
- 
           
- 
                
- 
                
- 
                  
- 
                      
- Single   
23-Apr-2000 14:00:00 390 64 58 
           
- 
           
- 
                
- 
                
- 
                  
- 
                      
- Single   
18-Jun-2000 02:29:00 400 62 65 
           
- 
           
- 85 20 23 13 Single   
22-Jul-2000 12:03:00 410 61 89 43 
           
- 56 14 5 
                      
- Double Yes 
12-Sep-2000 13:09:00 370 67 46 55 
           
- 9 37 58 48 Double Yes 
24-Nov-2000 05:43:00 350 71 105 51 23 3 
                
- 68 58 Multiple    
05-Jan-2001 18:33:00 400 62 88 53   
                
- 
                
- 
                  
- 
                      
- Double Yes 
07-May-2001 13:05:00 380 66 70 52 
           
- 
                
- 
                
- 
                  
- 
                      
- Double No 
20-May-2001 06:49:00 400 62 99 56 
           
- 91 8 29 19 Double Yes 
04-Jun-2001 17:13:00 430 58 42 53 107 60 7 2 0 Multiple    
15-Jun-2001 16:08:00 320 78 62 98 116 
                
- 
                
- 
                  
- 
                      
- Multiple    
19-Jun-2001 04:17:00 440 57 27 
           
- 
           
- 
                
- 
                
- 
                  
- 
                      
- Single   
10-Aug-2001 07:22:00 430 58 69 49 
           
- 
                
- 
                
- 
                  
- 
                      
- Double Yes 
19-Oct-2001 01:58:00 290 86 120 90 54 18 36 68 58 Multiple    
10-Jan-2002 10:30:00 450 55 39 
           
- 
           
- 
                
- 
                
- 
                 
- 
                      
- Single   
14-Jan-2002 08:03:00 490 51 69 
           
- 
           
- 100 31 49 39 Single   
27-Jan-2002 13:38:00 350 71 55 
           
- 
           
- 
                
- 
                
- 
                  
- 
                      
- Single   
20-Feb-2002 05:58:00 400 62 18 71 83 72 1 10 0 Multiple    
07-Jul-2002 12:13:00 420 59 50 59            95 36 36 26 Double No 
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- 
14-Aug-2002 06:44:00 440 57 40 61 57 
                
- 
                
- 
                  
- 
                      
- Multiple    
22-Aug-2002 02:30:00 390 64 86 42 
           
- 62 20 2 0 Double Yes 
09-Nov-2002 14:37:00 350 71 93 
           
- 
           
- 29 64 42 32 Single   
19-Dec-2002 22:21:00 520 48 96 39 1 9 8 39 29 Multiple    
23-Apr-2003 01:32:00 530 47 50 -8 
           
- 25 25 22 12 Double No 
13-Jul-2004 01:34:00 500 50 51 
           
- 
           
- 59 8 9 0 Single   
01-Nov-2004 06:15:00 400 62 85 52 
           
- 
                
- 
                
- 
                  
- 
                      
- Double No 
14-Jul-2005 11:59:00 500 50 94 48             89 5 39 29 Double Yes 
17-Jul-2005 13:03:00 440 57 35 91 130 
                
- 
                
- 
                  
- 
                      
- Multiple    
22-Aug-2005 17:53:00 520 48 58 
           
- 
           
- 
                
- 
                
- 
                  
- 
                      
- Single   
29-Aug-2005 14:28:00 380 66 66 88 76 35 
                
- 
                  
- 
                      
- Multiple    
 
3.3 Standard plot of coronal magnetic field 
 
In this subsection, I present the plots for the open coronal magnetic field. The potential-field 
source surface (PFSS) model is used to produce the open magnetic field plot. The coronal 
magnetic field that has been plotted below is extended to the source surface at 2.5 solar 
radii. As mentioned above, 43 events have been identified as events free from interplanetary 
coronal mass ejections (ICMEs). We use data during 43 events in the production of the plots. 
SolarSoft provides a way to download a pre-computed magnetic field model of the solar 
corona. The GUI version of the software package needs the user to specify the epoch to plot 
open coronal magnetic fields. The time used in the PFSS analysis is not exactly the same as 
the time listed in SEPServer because the PFSS software uses four fixed times in each period 
of  24 hours. Therefore, I had to take the time closest to the time of the occurrence of the 
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SEP event. The effect of this epoch change is considered to be minimal, as the PFSS model 
result is anyway based on magnetic observation over a whole Carrington rotation. It is also 
possible to adjust the longitude and latitude of the viewing direction. Since, we are 
interested mostly in the open magnetic field, the closed field lines are excluded from the 
plot. I present below a plot of open magnetic field as an observer would have seen it from 
the solar north. 
   
 
 
Fig 3.3 coronal magnetic fields during the SEP event on 09 May 1998. This is 
when an observer viewed it from the solar north. 
 
3.4 Standard plot of coronal magnetic field transporting SEPs  
 
In order to produce the plot of the coronal magnetic field that guides SEPs from the Sun 
through the corona into the interplanetary space and finally to the spacecraft near the Earth, 
the first step is to determine the angle ΔΦ in the fig 3.4.1 below. Fig 3.4.1 is parker spiral 
that allows us to calculate parker spiral connection Carrington longitude (Φsw). This is the 
reference angle we use to produce the plot of the coronal magnetic field that carries SEPs. 
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The above angle is a starting point in producing the plot of the coronal magnetic field 
that transports the SEPs through the corona to the spacecraft near the Earth. 
   
  Let Δt be the time taken by the solar wind to get to the Earth.  
 
If Δt= t1- to in the above figure, then Δt can be calculated by the mathematical 
formula below. 
 
Δt = 1AU/Vsw, where Vsw  is solar wind Speed and 1AU is the distance between the       
Sun and the Earth 
 
  ΔΦ = Ωo(Δt), where   Ωo = 2Π/25.38days 
 
  Δ Φ= (431.85km/s)/Vsw rad 
 
Once ΔΦ has been determined for each event chosen for this analysis, the second step is 
producing the plot of the magnetic field lines that transport SEPs. The plotting process is 
done by using the spiral connection angle as a midpoint. We have to follow a couple of 
procedure on SolarSoft to get a plot that is plotted as an example below. The first step is to 
find the Carrington connection longitude. This is done by adding ΔΦ to the Carrington 
longitude of the Earth at the time of the event. Secondly, we add and subtract 100 longitude 
angle because open field lines connect to the parent active region on the source surface to 
 
Sun  Earth 
  t=to                                                                                                                    t=t1 
                Fig 3.4.1 Angle estimated from the solar wind using a parker spiral 
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the nominal parker spiral foot points with uncertainty of  ±100  (Klein et al., 2008). We also 
add ±100 uncertainty to the latitude. Finally, we can easily produce the plots when viewed 
from the Earth and viewed from the solar north. To view the plot from the solar north we 
have to reset the observer‟s latitude on the SolarSoft, normally set to the latitude of the 
Earth, to 900. For the sake of compression, two plots are presented with views from the 
Earth, and the solar north. These same plots have been produced for each of the 43 events. 
 
 
Fig 3.4.2 Coronal magnetic field plotted of the SEP event on the 4th of June 2001. 
This magnetic field transports the SEPs event through the corona to the spacecraft 
near the Earth. This plot is as it is viewed from the Earth. 
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Fig 3.4.3 The coronal magnetic fields that transport the SEPs events. This is when 
the magnetic field is viewed from the solar north. 
 
3.5 SEP Events classification 
 
Based on the plot produced by the SolarSoft, it is possible to classify SEP events into three 
categories depending on the number of connection points.  The connection points of the 
open coronal magnetic field allow us to trace back the SEPs to the parent active region. 
 
A) SEP events with single connection point. 
 
This class includes 14 SEP events from 43 SEP events that are identified as undisturbed 
events or events free from ICMEs. The single connection point events have only one point 
of connection at the solar surface. Fig 3.5.1 is an example of a single connection point event. 
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Fig 3.5.1 Events identified as event of a single connection point. The SEPs follow the 
path along the magnetic field line to get to the spacecraft near the Earth 
  
B) SEP events with double connection points   
 
Sixteen of the events are identified as double connection points from. Fig 3.5.2 is a 
typical example of double connection points. 
 
 
Fig 5.5.2 SEP event classified as Double connection points event. There is a current 
sheet between the red and green color bundle of magnetic fields 
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 Fig 3.5.3 A double connection points SEP event without current sheet 
 
The double connection points can further be sub classified as events with a current sheet and 
without a current sheet. Fig 3.5.2 is an SEP event with a current sheet. Fig 3.5.3 is an 
example of SEP events without a current sheet. The green and purple colors indicate the 
opposite polarities of the magnetic field lines. Magnetic field configurations with different 
colors of field-line bundles have a current sheet in between. Those SEP events with the same 
color of field-line bundles are events without a current sheet. 
 
C) SEP events with multiple points of connection 
 
This category consists of 13 SEP events of the total 43 SEP events. All SEP events that have 
three or more connection points are included in this category. As an example, fig is 
presented below. 
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Fig 3.5.4 SEP event identified as multiple connection points SEP event  
 
3.6    The connection Longitude of open coronal magnetic field 
 
The connection longitude is the angular distance of the open magnetic field from the spiral 
IMF lines that connect the Sun with the Earth in the corona. This longitude is determined 
using the plot produced by the SolarSoft that represents the coronal field that transport SEPs 
and the angle determined by the solar wind speed in section 3.4 (parker spiral connection 
longitude). The first thing in finding the connection longitude is to determine the angular 
orientation in the corona (∆Φcon). Once we have determined ∆Φcon, we can calculate the 
connection longitude as indicated below.  
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Fig 3.6 ∆Φcon is an angular difference that will be used to determine the connection 
longitude by summing to the parker spiral connection longitude.  
 
The connection longitude is the sum of the angle ∆Φcon in the above plot and the parker 
spiral connection longitude: 
 
 Φcon= Φsw+∆Φcon, where Φsw is parker spiral longitude. 
 
The connection longitude also can be determined directly from the plot. This can be done by 
measuring the connection longitude manually from the Earth‟s position to the connection 
point. During our measurement, the Earth‟s position is at the bottom of the above fig or 2700 
from the right-pointing horizontal axis (counter-clockwise). Once the connection longitude 
is determined, the next step is analyzing the difference between the flare longitude and the 
connection longitude of the magnetic field. In earlier studies, it is customary to analyze the 
difference between the parker spiral connection longitudes and the flare longitudes to see 
how well the events are connected. We will base the analysis of the next section based on the 
actual connection longitude. 
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3.7 SEP events chosen for further Detailed analysis  
 
We chose two of the SEP events as examples that represent the sets of data and the data 
analysis. The two SEP events that are chosen examples are events that are occurred on the 
19th of October 2001 and 19th of December 2002.  
 
The first SEP event chosen as an example is the even that is occurred 19th of October 2001. 
When we consider the Parker spiral connection for this event, the flare site is at an angular 
distance of 670 from the Parker spiral connection point.  When we use the actual connection 
longitude, the angular distance from the flare becomes 360.The consideration of the actual 
connection resulted in the better connection with the flare. 
 
Based on fig 3.7.1 and Fig 3.7.2, this event seems like a gradual event because it lasted for 
more than 24 hours with relatively a flat intensity as a function of time. When we see the 
angular distance of the actual connection point from the flare site (see fig 3.7.3), it is further 
than 200. Therefore, the contribution of the flare in driving the SEP event is most likely to be 
small. Because of this reason we classify this event as gradual SEP event. 
 
 
42 
 
Fig 3.7.1 Proton intensity and x-ray intensity on 19th October 2001 that shows 
a gradual event 
 
 Fig 3.7.2 Proton and electron intensity on 19th of October 2001 
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In the above fig, if we look the intensity rises in the red box, there is no direct connection 
with the flare. The flare lags behind the intensity rise of the particles. In general, the 
particles in this event are accelerated only by the shock-driven CME. 
 
In fig 3.7.1, we see amplification of proton density and solar wind speed in the blue box. 
The enhancement is related to passage of the shock over the spacecraft. It occurs after the 
second halo CME with a linear speed of 901 km/s has caught the first Halo CME with a 
linear speed of 558 km/s.  
 
Based on the above fig, initially, near the Sun the flux tube that carries the SEP is located on 
the western flank where the shock is weak. As the shock travels to 1 AU, eventually moves 
toward the nose of the sock where the shock is strong. The progress to the nose of the sock 
peaks the particle flux and the flux maximum at low energies coincides with the passage of 
the shock over the spacecraft. 
 
 
Fig 3.7.3 the plot shows the connection points and where the flare occurs. The 
blue line indicates the position of the flare. 
 
The second SEP event chosen as an example event is that, the event that is occurred on 19th 
December 2002. When we consider the Parker spiral connection for this event, the flare is at 
an angular distance of 410 from the parker spiral connection point.  When we use the actual 
connection longitude, the angular distance from the flare site becomes 80.This event is well 
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connected to the flare site when we consider the actual connection longitude. 
 
Although this event is well connected with flare site with only 80 angular distance, one 
cannot make an immediate conclusion and call this event an impulsive event because a 
western CME is also associated with the event. The event also lasted for many hours. Based 
on fig 3.7.4 and 3.7.5 this event seems a gradual event accelerated by shock-driven CME. In 
fig 3.7.6, we can see the event is well connected with the flare. Therefore, it is safe to 
assume this event as a hybrid event that contains a significant flare contribution at the 
beginning of the event. 
 
 
Fig 3.7.4 Proton and x-ray intensity on 19th December 2002 that shows 
Hybrid event 
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  Fig 3.7.5 proton and electron intensity on 19th of December 2002 
 
In fig 3.7.4, one can see a sharp increase in intensity of particles. The onset of proton 
intensity matches with flare at the beginning.  The first increase in the green box in fig 3.7.4 
is consistent with the flare being the source of the particles.  However, one cannot rule out 
that the nose of the CME shock has also an initial phase on the field line connected to the 
spacecraft (thus providing the first particles) in accelerating particles. When we see fig 3.7.2 
and fig 3.7.5 we can see the event on 19th of December 2002 is electron rich during the first 
peak. The electron-rich component is accelerated in the flare and the proton component is 
being accelerated in CME-driven shock because it is close to the nose of the shock. If we 
look at the red box in the fig 3.7.4, we can see a second enhancement at low energies. That 
is the contribution from CME- driven shock, since there is no other flare at the time. 
Therefore, it is very clear that this event is a hybrid event. 
The blue circle in the above fig 3.7.4 shows the time when the shock seems to lose its 
capability to the efficiently accelerate ions on the observer‟s field line. Note that the low 
energy ion fluxes experience a change in their decay rate. 
Based on Fig 3.7.4, the flux tube is located close to the nose of the shock near the Sun. This 
may play also a significant role in the rapid increase of the intensity of the particles at the 
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beginning. The rapid rise followed by decreasing in intensities because the flux tube moves 
to the flank of the shock where and when the shock is weaker. However, it seems that 
connection gets better within some hours again, as indicated by the second increase in the 
low-energy proton fluxes. 
 
  
Fig 3.7.6 the plot shows the connection points and where the flare occurred 
on 19th of December 2012 
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4. Results and Discussion  
4.1 Difference in longitude from the flare site 
 
Fig 4.1 shows the average longitudinal distance from the flare is lower in the actual data set, 
where the coronal magnetic field is taken into account than just using Parker spiral 
connection longitude. The red line in the fig 4.1 indicates that the two longitudinal distances 
are equal. Above the line, Parker spiral longitude is further from the flare site and below the 
line, the actual connection longitude is further from the flare site. From this plot it is evident 
that the number of points above the line is larger than that below the line. Thus, the actual 
connection longitude seems to be closer to the flare site on average than the Parker spiral 
longitude. 
 
 
   
Fig 4.1 the scatter graph compares the difference in longitude.  
 
4.2 Connection longitude distribution of the single connection points SEP 
events  
 
In this section, we study the longitude distribution of the single connection point events. 14 
SEP events are used to produce the histogram below. The histogram shows the distribution 
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of connection longitudes within the 200 bins of longitude. The histogram is consistent with 
the distribution being uniform between 200 and 1000 in longitude, although the number of 
events is so small that it is difficult to detect any deviation from uniformity.   
 
 
Fig 4.2 the histogram of the connection longitude distribution of single connection 
point event  
 
4.3 Parker spiral connection longitude distribution of the single connection 
points SEP events  
 
We produce the histogram in fig 4.3 by using the single connection point events, we used in 
the above histogram. The longitude we use is the parker spiral connection longitude that has 
been determined in section 3.4 by using solar wind speed. The histogram shows the 
distribution parker spiral connection longitudes with 100 bins of longitude. All of the events 
are distributed more or less uniformly between longitude range of 410 and 800.  
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Fig 4.3 histogram of Parker spiral connection longitude distribution  
 
When we compare histogram in this section with the histogram in fig 4.2, we find an 
interesting similarity. In both cases the events distributed uniformly. In conclusion, 
considering the coronal connection longitudes or coronal PFSS field gives a wider 
distribution range of longitudes compared to the distribution we get, using only the Parker 
spiral longitudes.  
 
4.4 Difference between flare and connection longitudes 
 
In section, we study difference between the flare and connection longitudes by using single, 
double and multiple connection point events. The number of events considered in drawing 
the histogram of this section is twenty four. This number would have been more, had all the 
flare longitudes been available. Events with different connection points are taken in 
producing the histogram below. The double connection events have two connection 
longitudes and the multiple connection events have three or more connection longitudes. 
The connection longitude with closest angular distance of the flare is considered in all cases. 
Figure 4.4 below shows the difference in longitude between the flare longitude and the 
connection longitude of the open magnetic field of the corona of the same SEP events for 
both longitudes. 
 
 ∆Φfl is the difference between the flare and connection longitudes: 
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∆Φfl= | Φfl- Φcon| 
 
 ∆Φfl is analyzed the histogram below. From the histogram, one can see that the angular 
distance between the flare longitude and connection longitude of most of the events is less 
than 500. The longitude distribution is not uniform, but the peak of the histogram is 0-100. 
This indicates that a close connection to the flare site increases the probability to observe the 
SEP event at 1 AU. 
 
 
Fig 4.4 the histogram shows the difference in longitude between the flare longitudes 
and connection longitudes of the coronal magnetic fields that transport SEPs. 
 
4.5 The difference between flare and soar wind longitudes  
 
In this section we will see the result of the difference between the flare longitudes and 
longitudes determine by the solar wind of the coronal magnetic field. Here, we also use 24 
events that used the previous section  
 
Let ∆Φfl,sw is the difference between the flare and solar wind longitude 
∆Φfl,sw=| Φfl - Φsw| 
 
The distribution of the longitudes is consistent with uniform distribution of events between 
00 and 700. Thus, if we had not used the actual connection longitudes in our analysis we 
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would have concluded that the angular distance to the flare site is not very significant for the 
detection of SEP events. 
 
Fig 4.5 the histogram show the difference between the flare and solar wind 
speed longitudes 
4.6 Difference in the flare longitude and solar wind Speed longitude with 100 
approximation  
The histogram in this section shows the difference between the solar wind Speed longitude 
and flare longitude when we consider 100 uncertainties we took into account in section 3.4. 
So, we subtracted 100 angles from ∆Φfl,sw and we assigned longitude difference less than 10
0 
to 00 a longitude.  We clearly see departures from the mean value in the range 310-410 and 
510 -600. The distribution of the difference in longitude is probably not uniform like most of 
the previous, but best represented by a decreasing function, like and exponential function,  
P ~  (- a∆Φ). 
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Fig 4.6 the difference between flare and solar wind speed longitudes 
considering the uncertainty of 100 
 
4.7 More descriptions of the examples of SEP events 
 
In this section we give further description on example events. We present more plots 
produced by the Solarsoft and CME catalogue. We compare and contrast the examples of 
events based on the plot in this section and section 3.7 
 
Fig 4.7.1 is plot shows map of the open coronal fields during the event on 19th of October 
2001. The top two plots are plots when an observer views open coronal field lines from the 
Earth in different latitudes. The two bottom plots are plots when an observer views the 
coronal magnetic field forms the solar north in different latitudes. This figure drawn by 
taking arbitrary latitudes on the SolarSoft The fig is presented here to give more information 
about the coronal magnetic field of the example SEP event in addition to the when presented 
in section 3.7  
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Fig 4.7.1 the plots show maps of the open coronal magnetic field during the 
event on the 19th of October 2001. Top two plots are when the magnetic field 
viewed from Earth and the bottom plot are when they are viewed from the 
solar north 
. 
Fig 4.7.2 is the EIT plot of the corona shows the time and the flare site of the event on 19th 
of October 2001. The flare site is indicated by the arrow. The flare site is located in western 
hemisphere. 
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Fig 4.7.2 EIT plot of the corona shows the time and the flare site. The arrow 
shows flare site linked to the SEP event 
 
The fig 4.6.3 shows the CME plots before, during and after the event that occurred on 19
th
 of 
October 2001. The inner white circle indicates the solar disk. The CME of 19
th
 October 
2001 occurred in the west limb. The first plot of CME (occurred at 01:27) is few minutes 
before the occurrence of the SEP event. The second plot of CME is occurred during the time 
of the SEP event (01:48). During this time the CME is more intense than the first CME and 
covers more longitude angle than the first CME. In third plot the CME (occurred at 02:00) 
seems to cover more longitude angle than the previous CMEs  
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Fig 4.7.3 LASCO c2 image of CME during the time indicated in each figure. 
The inner white circle indicates the solar disk 
 
Fig 4.7.4 is plot shows map of the open coronal fields during the event on 19th of December 
2002. Top two images show the coronal open magnetic field orientation when the view is 
form Earth at arbitrary latitude. The bottom two images are images of coronal magnetic field 
lines when they are viewed from the solar north at arbitrary latitude. This plot presented to 
give more information about the open coronal field lines of the example event in addition to 
the plot presented in section 3.7. 
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Fig 4.7.4 plots show the maps of open coronal magnetic field Top two plots 
are when the magnetic field viewed from Earth and the bottom plot are when 
they are viewed from the solar top. 
 
Fig 4.7.5 is the EIT plot of the corona shows the time and the flare site of the event on 19th 
of December 2002. The flare site is indicated by the arrow. The flare is also located in the 
western hemisphere.  
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Fig 4.7.5 EIT plot of the corona shows when and where the flare occurred 
during December 19, 2002 SEP event 
 
The fig 4.6.6 shows the CME plots before, during and after the event that occurred on 19
th
 of 
December 2002. The CMEs in these plots are occurred during and after the occurrence of 
the event. The first CME occurred during the time (at 22:00 hr.) of the SEP event. All CMEs 
are west limb CMEs. The first CME cover small longitude angle and the rest of CMEs cover 
wider longitude than the first CME. The longitude range of the third CME (occurred at 
23:24) is greater than the second CME (occurred at 22:24).  
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Fig 4.7.6 LASCO c2 image of CME during the time close to the time of the 
SEP event in 19
th
 of December 2002 
When we compare the two examples of events, we could see some similarities. If we look to 
the CME and EIT plots (Fig 4.7.2, Fig 4.7.3, Fig 4.7.5 and Fig 4.7.6), we can see that both 
SEP events are associated with western CME. The flare site for both events is located in 
western hemisphere. 
 
In both cases, the connection to the flare site improved when we take in to account the 
coronal magnetic field. The event on 19th of December 2002 is more connected to the flare 
site than the event on 19th of October 2001. 
 
The other similarity, both the events have multiple connection points. They both have three 
connection points.  
 
The event on 19
th
 of October 2001 is a gradual event with no flare component involved in 
the acceleration of the particles. In contrast, in the second event on19
th
 of December 2002 
there is significant prompt proton increase consistent with flare acceleration at the beginning 
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followed by shock-driven CME. The flare acceleration in the second event is evidenced also 
by the efficient acceleration of electrons. This event is electron rich compared to the first 
event at the beginning of the peak. Therefore we classified the first event as a pure gradual 
event and the second event as a Hybrid event. 
 
The flux tube of the first event near the Sun is located in the flank of the shock and 
progressively moves to the nose of the shock. In contrast, the flux tube of the second is 
located close to the nose of the shock near the Sun and then moves to the flank as the shock 
moves outwards in the corona. This difference can be seen from Fig 3.7.1 and Fig 3.7.4. The 
move from the flank to the nose of the shock in the first event causes the intensity increase 
of the particles. The move from the nose to the flank in the second event may also cause a 
decrease in the intensity of the particles.  
 
In fig 3.7.1, the particle and x-ray intensity plot of event on 19
th
 of October 2001, we see 
that a significant rise in intensity of the proton density due to the CME-driven shock passing 
the spacecraft. On the other hand, in fig 3.7.4, the particle and x-ray intensity plot of event 
19
th
 of December 2002, we see no such intensity increase. 
 
The proton flux profiles in the beginning of the event are consistent with connection 
deduced from PFSS model: the second event (19
th
 of December 2002) with very good 
connection shows a fast and strong increase whereas the first event (19
th
 of October 2002) 
with a less optimal connection shows a gradual profile with no substantial flare-related 
component. Yet the first flare is an order of magnitude more intensive in terms of X-ray 
flux. 
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5. Conclusion and Summary 
 
In this thesis, we have used data from the ERNE instrument on board on SOHO. The data 
are extracted from the SEPserver. The SEP events during 23
rd
 solar cycle are studied in 
order to investigate the coronal magnetic field conditions. We analyzed 43 events in detail 
using the PFSS model. We produce a coronal magnetic field PFSS model using SolarSoft. 
We also studied the connection longitude of each SEP events, flare site and the Parker spiral 
longitude of each SEP event. 
 
Among the 43 SEP event studied, we found that 14 events with a single connection in the 
corona. Sixteen events have double connection points. Thirteen events of 43 events have 
multiple connection points in the corona. The SEP events with multiple connection points 
make up almost one third of the total events. These events are one of the interesting things 
we found in our analysis showing that the coronal magnetic connections are typically 
complicated and neighboring field lines in the solar wind can be magnetically connected to 
regions that are well separated in the low corona. 
 
The other important thing we found during our analysis was the importance of the coronal 
field in determining the actual connection longitudes. It is a common to perform such 
analysis by using only Parker spiral connection longitudes; ignoring the field structure in the 
corona. In our study, when we consider the coronal magnetic field, the connection longitude 
is different from the Parker spiral longitude. The actual connection longitude usually has a 
lower angular distance from the flare site than the Parker spiral longitude. This means, 
considering the coronal magnetic field resulted in a better connection with flare sites. 
  
 Two events are taken as examples that represent all the event data sets. Both of these events 
are related the western CEMs. The flare site of both events lies in the western hemisphere. 
Without considering the coronal magnetic field, one might conclude that both the events 
have relatively poor magnetic connection to flare. 
 
The first example of the events is SEP event on 19
th
 of October 2001. After analyzing this 
event with plots from CME catalogue and plots of coronal magnetic field, this event is a 
gradual event associated with a western CME. This SEP event has probably no direct 
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association with flare because the angular distance between the flare and the actual 
connection point is greater than 20
0
 longitudes. After analyzing the proton and x-ray 
intensity plots from SEPServer, we find that there is a gradual flare at the beginning of the 
event. This event is classified as gradual SEP event because the flare contribution in proton 
fluxes seems insignificant.  
 
The second example of the events is the SEP event occurred on 19
th
 of December 2002. 
Using the same plots like the first event, this event was classified as a hybrid event. The 
event is associated with the flare at the beginning. This is indicated by the event connection 
with the flare site. The contribution of the flare can be seen from the particle and x-ray 
intensity plot from SEPServer. The angular distance between the flare and the actual 
connection point is about 8
0
, indicating the flare-accelerated particles have good access to 
the Earth-connected interplanetary field line. The western CME influences this event right 
after the onset of the event. The event is classified as hybrid event due to its association with 
both the flare and shock-driven CME. 
 
In this thesis, we have found significance of the coronal magnetic field in the study of SEP 
events. Although the PFSS model is based on approximations, the result we found in this 
thesis could give some conclusive idea about the characteristics of coronal magnetic field 
during major SEP events of 23
rd
 solar cycle.  
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